To localize quantitative trait loci for insulin metabolism and obesity, genome scans/linkage analyses were performed on >900 members of 32 extended families participating in phase 3 of the Strong Heart Study, an investigation of the genetic and environmental determinants of cardiovascular disease in American-Indian populations from Arizona, Oklahoma, and North and South Dakota. Linkage analyses of fasting insulin and two obesity-related phenotypes, BMI and percent fat mass, were performed independently in each of the three populations. For log fasting insulin, we found a genome-wide maximum, robust logarithm of odds (LOD) score of 3.42 at 51 cM on chromosome 2p in the Dakotas. Bivariate linkage analyses of log fasting insulin with both BMI and fat mass indicate a situation of incomplete pleiotropy, as well as several significant bivariate LOD scores in the Dakotas.
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To localize quantitative trait loci for insulin metabolism and obesity, genome scans/linkage analyses were performed on >900 members of 32 extended families participating in phase 3 of the Strong Heart Study, an investigation of the genetic and environmental determinants of cardiovascular disease in American-Indian populations from Arizona, Oklahoma, and North and South Dakota. Linkage analyses of fasting insulin and two obesity-related phenotypes, BMI and percent fat mass, were performed independently in each of the three populations. A merican-Indian populations have high incidence rates of type 2 diabetes (1). To better understand the determinants of cardiovascular disease, type 2 diabetes, and related diseases in American Indians, the Strong Heart Study (SHS) was begun in 1989 (2) . In phase 3 of the SHS, a Family Study (SHFS) was initiated (3). Here we report linkage results from a genome-wide scan in American-Indian families from Arizona, Oklahoma, and North and South Dakota who are participating in the SHFS (2, 3) . Despite the low genetic diversity in American Indians as a whole, they still exhibit a substantial range of genetic variation across contemporary populations (4) . There are a number of population-genetic and historical reasons that would suggest that looking at Arizona, Oklahoma, and the Dakotas as separate populations in a genome-wide scan study is a worthwhile enterprise. (Mulligan et al. [4] have made a more general argument along these lines.) Indeed, the results reported herein will be seen to support this argument.
The SHFS protocols were approved by the Indian Health Service Institutional Review Board, the institutional review boards of the participating institutions, and the 13 American-Indian tribes participating in these studies. Demographic, pedigree, phenotype, and genotype data are reported in Table 1 .
We report results for fasting insulin levels (in microunits per milliliter) and two obesity-related traits, percent fat mass and BMI (weight in kilograms divided by the square of height in meters). Sample sizes for each of the linkage analyses are determined by the number of individuals measured for the trait under analysis (that is, the number phenotyped). These values are given in Table 1 . Fasting insulin was assayed by radioimmunoassay, and diabetic subjects on medication were excluded from the analyses. However, diabetic subjects not on medication were included in the analyses. It should be mentioned here that analyses of homeostasis model assessment of insulin resistance, which is highly correlated with fasting insulin and computed after excluding all diabetic subjects, gave rise to essentially identical results compared with the fasting insulin analyses. Therefore, the observed similarity between the two trait analyses would seem to indicate that the inclusion of diabetic subjects did not have a distorting effect on the fasting insulin analyses. Having made this point, only the results from the fasting insulin analyses will be reported here. Fat mass was determined using a Quantum II bioelectric impedance analyzer (RJL Systems, Clinton Township, MI) and a formula validated for American Indians (2) . Across populations, fasting insulin data were log transformed to induce normality. For the Arizona population, BMI and fat mass data were exactly normalized using the inverse Gaussian transformation. These normalized traits will be denoted as BMI_n and fat mass_n, respectively. For the Dakotas population, BMI and fat mass data were both sufficiently normally distributed. For the Oklahoma population, fat mass data were sufficiently normally distributed, whereas BMI data were exactly normalized using the inverse Gaussian transformation. For all linkage analyses, we used age, sex, age 2 , age ϫ sex, and age 2 ϫ sex as covariates. Fasting blood samples were collected at the SHS regional clinics. Buffy coats were stored at the clinics at Ϫ80°C and transported on dry ice to the Southwest Foundation for Biomedical Research (San Antonio, TX) for DNA extraction. To genotype SHS participants, we used the ABI PRISM Linkage Mapping Set-MD10 (version 2.5; Applied Biosystems, Foster City, CA), which consists of PCR primers that amplify dinucleotide repeat microsatellite loci (short tandem repeats) selected from the Genethon human linkage map (5). DNA from study participants was arrayed on 384-well PCR plates using the Robbins Hydra-96 Microdispenser (Sunnyvale, CA). PCRs used the True Allele PCR Premix (Applied Biosystems), and amplification was performed in Applied Biosystems 9700 thermocyclers. The products of separate PCRs, for each individual, were pooled using the Robbins Hydra-96 Microdispenser, and a labeled size standard was added to each pool. The pooled PCR products were loaded into an ABI PRISM 377 or 3100 Genetic Analyzer for laser-based automated genotyping. The short tandem repeats and standards were detected and quantified, and genotypes were scored using the Genotyper software package (Applied Biosystems).
We finalized on the pedigrees that were most supported by the genotype data, as inferred from PREST (6) statistics. Using Simwalk II (7), we eliminated mistyping errors at a blanking rate of Ͻ2% of the total number of genotypes for the Arizona, Dakotas, and Oklahoma centers. Using Loki (8), we computed matrices of empirical estimates of identity-by-descent allele sharing at points throughout the genome for every relative pair. The identity-by-descent matrices are required for our linkage analyses. PREST, Simwalk II, and Loki require chromosomal maps of genotype markers for all 22 autosomes. Across populations, we used the same sex-averaged chromosomal maps, which were obtained from the Marshfield Center for Medical Genetics (http://research.marshfieldclinic.org/genetics).
For univariate linkage analyses, we used variance components methods as implemented in SOLAR (9) . Under a bivariate linkage analysis approach (10), previous studies have established quantitative trait locus (QTL) pleiotropy with respect to insulin and obesity-related traits at putative QTLs on chromosomes 6q and 7q (11, 12) . QTL pleiotropy may be defined as the condition whereby one QTL influences two or more traits (10 -12) . To address the QTL pleiotropy hypothesis in American Indians in the SHFS, we performed bivariate linkage analyses of two-trait combinations of log fasting insulin with BMI and fat mass. We distinguish between complete and incomplete pleiotropy. The QTL correlation coefficient is unity (or Ϫ1, depending on the sign of the polygenic correlation coefficient) under complete pleiotropy, whereas nonzero departures from unity (or Ϫ1) define incomplete pleiotropy. Incomplete pleiotropy may be due to the differential influence of epistasis or genotype-by-environment interaction on one trait relative to the other (10) or to variants in a QTL that have differential effects on the traits (12) . In contradistinction, complete pleiotropy is an ideal case whereby one QTL affects two or more traits with no interactions or allelic heterogeneity involved. The only other possible alternative under a bivariate model is coincident linkage, which is defined as the condition whereby two completely uncorrelated loci exist in close proximity under a linkage signal (10 -12) . To test for pleiotropy, we carried out likelihood ratio tests of the significance of the obesityrelated phenotypes under the bivariate model. The likelihood ratio test statistic is distributed as a one-half-to-onehalf mixture of 2 random variables with 1 and 2 df. To test for complete pleiotropy, we performed similar tests of the null hypothesis, which states that the QTL correlation coefficient between the two traits analyzed is equal to 1 (10, 11) . In this case, the likelihood ratio test statistic is distributed as a one-half-to-one-half mixture of 2 random variables with point mass at zero and 1 df (10,11). Under coincident linkage, the null hypothesis is that the QTL correlation coefficient equals 0. The likelihood ratio test statistic in this third case is distributed as a 2 random variable with 1 df (10,11). All linkage analyses were performed independently within field centers (AZ, OK, and ND/SD). We report robust logarithm of odds (LOD) scores according to the correction method analytically derived in Blangero et al. (13) for the Dakotas and Oklahoma univariate linkage analyses. These robust LOD scores are effectively free from type I error due to a misspecified model. For Arizona, the correction method slightly increases the observed LOD scores. To be conservative, we report the lower scores. The correction method is not yet supported in SOLAR for bivariate linkage analyses.
For the Dakotas center, the genome-wide maximum, robust LOD scores for log fasting insulin, BMI, and fat mass are 3.42 at 51 cM on chromosome 2 near marker D2S165 (Fig. 1), 1 .12 at 45 cM on chromosome 2, and 2.23 Data are mean (range) or mean Ϯ SD (n), unless otherwise indicated. *Not all individuals were studied.
at 66 cM on chromosome 11, respectively. It should be pointed out that the robust LOD score for log fasting insulin decreases to 2.8 at the same general region on chromosome 2 after excluding all diabetic subjects. Roughly speaking, an LOD score Ͼ3.0 is significant. A suggestive, robust LOD score (LOD Ͼ2.0) of 2.50 was also found for log fasting insulin (but not for the other two traits) at 69 cM on chromosome 13 for the Dakotas center. For the Arizona center, the genome-wide maximum LOD scores for log fasting insulin, BMI_n, and fat mass_n are 2.01 at 88 cM on chromosome 15, 2.59 at 208 cM on chromosome 4, and 1.94 at 107 cM on chromosome 7, respectively. Another suggestive LOD score for BMI_n is 2.3 at 76 cM on chromosome 2. For the Oklahoma center, the genome-wide maximum LOD scores for log fasting insulin, BMI_n, and fat mass are 2.61 at 165 cM on chromosome 3, 1.18 at 205 cM on chromosome 3, and 1.65 at 22 cM on chromosome 1, respectively. There were no other suggestive LOD scores for Oklahoma. The significant linkage signal for log fasting insulin on chromosome 2p is reported in Fig. 1 (along with a weaker Arizona center log fasting insulin signal in the same region). The log fasting insulin signal on chromosome 2p from the Oklahoma center is negligible. The Arizona and Oklahoma centers gave negligible signals on chromosome 2 under the bivariate analyses.
The bivariate results for the Dakotas center are presented in Table 2 and Fig. 2 . We offer the following interpretations for the P values in Table 2 . Although neither of the obesity-related traits seemed to be underlain by QTLs on chromosome 2 under the univariate analyses, they each made a significant contribution to the bivariate linkage signal, thus implying pleiotropy (Table 2) . Moreover, coincident linkage was rejected for these cases (Table 2) . Interestingly, complete pleiotropy was also rejected (Table 2), thus indicating incomplete pleiotropy (10, 12) . Bivariate linkage signals on chromosome 2 for the Dakotas center are reported in Fig. 2 . We found LOD scores (adjusted for 3 df) of 3.43 at 48 cM for log fasting insulin plus fat mass and 2.91 at 52 cM for log fasting insulin plus BMI. It is important to note that, while the polygenic genetic correlation between BMI and fat mass was estimated to be ϳ0.83 (P ϭ 3.74 ϫ 10 Ϫ9 ), there was no evidence of QTLs on chromosome 2. This would seem to indicate that the bivariate linkage signals on chromosome 2 are not an artifact of redundancy in the obesity-related traits and that the bivariate linkage signals are perhaps better explained by some general relationship of fasting insulin with obesity.
Because BMI is often used as a covariate in linkage analyses of insulin-metabolism phenotypes, we performed our linkage analysis of log fasting insulin in the Dakotas center with BMI as an additional covariate. We found that the original linkage signal became nonsignificant. Duggirala et al. (14) reported a similar result, in which their original genome-wide maximum LOD scores of 4.2 and 3.2 for 32,33-split proinsulin and intact proinsulin, respectively, declined to nonsignificance after including BMI as a covariate. They interpreted this result to indicate strong pleiotropic effects affecting insulin and obesity-related phenotypes. This conclusion is consistent with our bivariate results. Linkage to chromosome 2p was originally reported for serum leptin levels in Mexican Americans (15) and was replicated in French Caucasians (16) and African Americans (17) . The proopiomelanocortin gene (POMC) (15) (16) (17) , which is located at ϳ44 cM, is one possible candidate gene that may be underlying our linkage signal. That POMC variation is important in energy metabolism is suggested by loss-of-function mutations in the POMC gene associated with hyperphagia and obesity in humans (18) and by a POMC-deletion knockout mouse model of hyperphagia and obesity (19) . The point-wise, robust LOD score in the Dakotas center at 44 cM is 2.73, and the point-wise LOD score in the Arizona center at 44 cM is 1.18 for log fasting insulin. One limitation of the present study is that serum leptin could not be tested because leptin was unavailable for analysis. Given the above evidence from univariate linkage analyses of fasting insulin and from bivariate linkage analyses of fasting insulin in relation to obesityrelated phenotypes, however, we feel that POMC is a likely candidate gene underlying our univariate and bivariate signals.
It is perhaps not too surprising that only the Dakotas center showed evidence of possible linkage to chromosome 2p, whereas the Arizona and Oklahoma centers showed very little to no evidence in this regard. We may have identified a gene that segregates in a few families and/or one that is most readily detectable in the very large extended families from the Dakotas. We found that multiple families contributed to the genome-wide maximum LOD score of 3.42 for log fasting insulin. To clarify the situation up to this point, we carried out formal tests of linkage heterogeneity (rev. in 20) using the program HOMO, which was written by Dr. H.H.H. Gö ring and is available upon request. We found no evidence of linkage heterogeneity.
In summary, we have detected a QTL on chromosome 2p that influences fasting insulin in American Indians in the Dakotas center of the Strong Heart Family Study; the QTL appears to be present primarily in a few very large families. Additionally, bivariate analyses indicate that this QTL may affect measures of obesity. Future studies will focus on identifying the functional gene in these families.
